Photoluminescence (PL), Raman, and transmission IR spectral measurements of porous silicon (PS) have been carried out during exposure to thermoelectrons and also subsequent exposure to H atoms, H 2 O and O 3 . The PL band of as-anodized PS was significantly decreased by the first exposure to thermoelectrons accompanied by the intensity reduction of the IR bands due to hydrogenated Si species (Si-H x ; x ¼ 1{3). Upon subsequent exposure to H atoms the PL band intensity was almost recovered but never exceeded its original intensity. This PL recovery was accompanied by re-generation of Si-H x bonds. In contrast, an overshooting recovery in the PL intensity took place when thermoelectron-treated PS was exposed to H 2 O or O 3 . The obtained IR spectra showed that Si-O and/or Si-OH bonds were formed at the PS surface. These results demonstrate that the PL of the PS is quite sensitive to the oxygen-included surface bonds.
Introduction
The discovery of room temperature visible photoluminescence (PL) from electro-chemically produced porous silicon (PS) 1) has highlighted the opto-electronic properties of PS. However, the origin of the strong visible luminescence of PS is still controversial. The first model for the PL proposed by Canham (quantum confinement effect) was based on carrier recombination within a quantum wire-like structure of the PS. 1, 2) The presence of luminous Silicon compounds [3] [4] [5] [6] [7] [8] [9] [10] and non-bridging oxygen hole center (NBOHC) 11, 12) have also been proposed for explanation of the PL.
One of the problems in pursuing the PL origin of PS may arise from complicated physical and chemical structures of PS. It is well known that PS samples are, in general, composed of a wide variety of nano-structured silicon crystallites, i.e., the size and shape of the crystallites cannot uniquely be determined. Further, IR absorption measurements on PS samples so far reported show that the surface Si atoms of as-anodized PS samples are terminated by hydrogen, oxygen, and hydroxyl groups. [6] [7] [8] Since such surface chemical structures are quite sensitive to the ambient, [13] [14] [15] it is difficult to define the structures at the molecular level in atmospheric or poor vacuum conditions. Also, PL properties of PS are strongly influenced by anodization conditions as well as post-treatments. 6, 16, 17) Most of the PL features thus far reported were concerned with samples exposed to air afterwards; alterations of the surface chemical structure by atmospheric oxygen, water vapor, etc. were unavoidable, which could influence and further complicate the PL behavior of PS. At present, no decisive conclusion has yet been drawn concerning the effect of surface chemical bonds on the PL of PS. Thus, the in-situ measurement of infrared absorption as well as PL emission before and after chemical modification at the surface of as-anodized PS in a controlled manner should be useful to distinguish between different surface species with regard to participation in the PL. Indeed, this was the motivation for the present study.
Thermoelectrons are able to break the surface Si-H bonds of a Si single crystal to form dangling bonds.
18) The same bond-breaking reaction should occur at the PS surface. Highly active dangling bonds thus formed would remain unaffected within the experimental time scale in ultra high vacuum (UHV) conditions. The subsequent exposure of PS to reactive gaseous species may control the chemical structure of the PS surface. In the present study, we have investigated in-situ PL, Raman, and IR spectral changes of as-anodized PS upon exposure to thermoelectrons and subsequent exposure to H atoms, H 2 O, and O 3 , separately. Each of these exposures caused a marked change in PL spectral features due to modification of the surface terminated species, i.e., Si-H, Si-O, and Si-OH. When thermoelectrons were exposed to the as-anodized PS, the PL intensity was reduced to a considerable degree. This exposure also decreased the intensities of the IR absorption bands due to surface Si-H x (x ¼ 1{3) bonds but to a much less extent. A subsequent exposure to H atoms recovered the reduced PL and Si-H x IR absorption intensities. In contrast, subsequent H 2 O or O 3 exposure, instead of H atoms, resulted in a PL band that is more intense than the PL of the as-anodized PS accompanied by generation of Si-OH and Si-O bonds. However, the LO phonon band of the silicon nano-crystallites in the PS layer remained unchanged. These results give evidence that the PL of the PS is quite sensitive to the surface Si-O and Si-OH bonds.
Experimental
We used p-type Si(100) wafers (8:5 Â 10 2 -11:5 Â 10 2 Ám) with optically flat surfaces. Aluminum was evaporated in vacuum onto one side of the wafer planes to form a good ohmic contact. The wafers were anodized in 46 mass% HF aqueous solution at a current density of 100 A/ m 2 for 600 s. The average thickness of the PS layers was 2 mm under laser microprobe inspection. The as-anodized PS was settled in a stainless steel vacuum chamber (base pressure: 2 Â 10 À8 Pa). The PS was exposed to thermoelectrons for 30 s and then exposed to H atoms, H 2 O, and O 3 at room temperature. The thermoelectrons were generated by heating a W filament at about 2000 K in the chamber. 18 ) Atomic H was generated in the chamber by heating the W filament in the presence of H 2 (99.9%) at 2 Â 10 À5 Pa. 19) Liquid H 2 O (ultra-pure) was freeze-pump-thaw degassed (three times) before use: the total pressure during H 2 O exposure to the PS was 133 Pa. Photo-generation of O 3 was carried out in the UHV chamber: under the presence of 1 Â 10 À5 Pa O 2 (99.9%) a UV light (185 nm) from a low-pressure Hg (12 W) was introduced into the chamber through a quartz window. The experimental set-up used for in-situ PL, Raman, and IR measurements has been described elsewhere. 20, 21) The PL as well as the Raman scattered light from the sample located in the UHV cell was dispersed by a polychrometer (JASCO CT25TP) and detected with a liquid-N 2 -cooled CCD detector (Princeton ST130). The detection system was interfaced to a personal computer (NEC PC-9801) for data acquisition and storage. A He-Cd laser (441.6 nm; 80 mW) was used as the radiation source of PL and Raman excitations and the data acquisition times were 1 s (PL) and 1200 s (Raman), respectively. A Fourier-transform infrared (FT-IR) spectrophotometer (Bomem, MB100) equipped with a DTGS detector was used for IR transmission measurements of the PS and all spectra were acquired by averaging 128 scans with a spectral resolution of 4 cm À1 . Figure 1 shows the in-situ PL spectral changes of the PS upon exposure to thermoelectrons and subsequently H atoms. Spectra (a)-(c) were recorded before and after thermoelectron exposure, and after subsequent exposure to H atoms, respectively. As is clearly seen from spectra (a) and (b), the as-anodized PS sample shows a PL band peak at 760 nm and the thermoelectron exposure leads to a significant intensity reduction. The PL band was recovered in intensity by the subsequent H atom exposure to the thermoelectron-exposed PS ( Fig. 1(c) ). It is an experimental fact that thermoelectron exposure to the H-terminated silicon single crystal surface generates silicon dangling bonds and the subsequent exposure to H atoms results in hydrogen termination of the dangling bonds. 18) Thus, the PL intensity reduction and its recovery shown in Fig. 1 can be explained by the change in surface termination of the PS. In fact, as will be shown later, the IR band intensities of the Si-H x species were decreased by exposing thermoelectrons and were then recovered by the subsequent H-atom exposure. Since Mochizuki and Mitsuda showed that Si dangling bonds act as a non-radiative recombination center, 22) the PL intensity reduction shown in Fig. 1 probably signifies the formation of Si dangling bonds at the PS surface through the thermoelectron exposure. The subsequent H-atom exposure should lead to termination of the dangling bonds and thus indeed the PL intensity was recovered, as shown in Fig. 1(c) .
Results and Discussion

Thermoelectron and H atom exposure
IR spectra of the as-anodized PS after exposure to thermoelectrons and then H atoms are shown in Fig. 2 . Spectra (a)-(c) were recorded before and after thermoelectron exposure, and after subsequent exposure to H atoms, respectively. The absorption bands appeared at 2140, 2114, 2088 and 920 cm À1 can safely be assigned to Si-H 3 , Si-H 2 , and Si-H stretching and SiH 2 deformation, respectively. [6] [7] [8] 23) Features in the 1100-1000 cm À1 region in spectrum (a) may be ascribable to Si-O stretch modes, 23) indicating that the PS had been partially oxidized before the PS was placed in the UHV chamber. As can be seen in Fig. 2 , the thermoelectron exposure leads to reduction in intensity of the Si-H x absorption bands; the atomic hydrogen exposure in succession intensifies the Si-H x stretch bands while no perceptible change occurs in the Si-O stretch region. Fig. 1 In-situ PL spectral changes of the PS by the exposures to thermoelectrons/H atoms. Spectra (a), (b) and (c) were recorded before (as-anodized) and after exposure to thermoelectrons, and after subsequently to H atoms, respectively. The average size of Si nano-crystallites in PS can be evaluated from the position of the LO phonon band of Si using the spatial correlation model. 24, 25) Thus, Raman spectral measurements were carried out on the PS, the results of which are shown in Fig. 3 . Spectra (a) and (b) are recorded before and after the subsequent H atom exposure to the thermoelectron-treated PS, respectively. It is well known that a bulk Si crystal shows its LO phonon band at 520 cm À1 ; the peak position of the observed phonon band (Fig. 3(a) ) is about 10 cm À1 lower than that of the bulk crystal. We calculated the phonon band of Si particles for several average diameters. In these calculations, the same parameters as reported in Ref. 24 were used. As a result, the best fit to the experimental results was obtained for the sample subjected to thermoelectrons when the average diameter was assumed to be 3.3 nm. As can be seen in Fig. 3 , the position as well as the width of the LO phonon band remained unchanged by the Hatom exposure, indicating that the subsequent hydrogen exposure exerts no influence on the average size of the Si nano-crystallites. Thus, it is found that our thermoelectron and subsequent H-atom exposures can only change the surface chemical bonds.
Thermoelectron and H 2 O exposure
LO phonon measurements were carried out on thermoelectron-treated PS before and after H 2 O exposure (not shown here). Essentially the same phonon band features as those in Fig. 3 were observed, an indication of little change in the average diameter of the Si nano-crystallites in the PS.
PL spectral changes of as-anodized PS caused by thermoelectron and subsequent H 2 O exposures are shown in Fig. 4 . The change in the PL intensity by the thermoelectron exposure to the as-anodized PS is similar to the corresponding change shown in Fig. 1 . It should be noted that the subsequent H 2 O exposure resulted in an increase of the PL in comparison to the original PL band shown in Fig. 4(a) . Although the PL intensity after the H-atom exposure never exceeded the PL intensity in its as-anodized state (Fig. 1) , the integrated PL intensity after the H 2 O exposure is about 1.4 times larger than the original PL intensity. Figure 5 shows the in-situ transmission IR spectra of the PS during thermoelectron and subsequent H 2 O exposures. The spectral notations are the same as those in Fig. 4 . The absorption features appeared around 2100, 1100 and 900 cm À1 can be ascribed to the Si-H x stretches, Si-O stretch, and Si-H x deformation, respectively. [18] [19] [20] 23) Fig . 3 Raman spectra of the PS of before (thermoelectron-treated sample:
(a)) and after exposure to H atoms (b). As show in the figure, the intensities of the bands due to Si-H x (around 2100 and 900 cm À1 ) are decreased by the exposure of the PS to thermoelectrons; a trend is similar to the PL features shown in Fig. 4 . Of particular interest is the appearance of a new band at 3740 cm À1 during the H 2 O exposure (Fig. 5, top) . From the position this new band is ascribable to the isolated OH stretch of Si-OH produced together with Si-H by dissociative H 2 O bonding to the surface dangling bonds.
Thermoelectron and O 3 exposure
By means of Raman scattering observation on the LO phonon, the average diameter of the Si nano-crystallites was found to keep almost constant during thermoelectron and subsequent O 3 exposures (not shown here). Nevertheless, PL and IR absorption features were changed upon each of these exposures. The observed PL changes are shown in Fig. 6 . The thermoelectron exposure results in a significant PL intensity reduction, while the PL intensity after the subsequent O 3 exposure is 20% stronger than that of the as-anodized one.
IR spectral changes during thermoelectron and subsequent O 3 exposures are shown in Fig. 7 . The spectral notations are the same as for Fig. 6 . The bands due to Si-H x stretching and deformation modes as well as Si-O stretching mode are observed in the spectrum of the as-anodized PS. The thermoelectron exposure breaks the surface Si-H x bonds partially, as is obvious from (a) and (b). The subsequent O 3 exposure causes an increase in the intensity of the bands due to Si-O bonds. In cotrast, the Si-H x bands remain unchanged during the O 3 exposure. Thus, the results shown in Fig. 7 reveal that the subsequent O 3 exposure brings about an increase in the concentration of surface O atoms, whereas the concentration of H atoms is almost unchanged by that exposure.
Differences in PL spectral change by exposure to H
atoms, H 2 O, and O 3 On the basis of a quantum confinement model, the size reduction of the nano-size crystallites should lead to a blue shift of the PL energy with a noticeable increase in oscillator strength. 26) However, our LO phonon measurements on the Si nano-crystallites of PS after exposure to thermoelectrons and subsequently to H atoms, H 2 O, and O 3 revealed that the phonon band remained unchanged from that of the original one. Therefore, it is clear that the drastic PL intensity change caused by each of these exposures cannot be explained in terms of quantum confinements. We previously observed the PL spectral change during exposure to thermoelectrons and to D 2 O in succession.
27) The subsequent D 2 O exposure resulted in a new PL band at 650 nm besides the band at 765 nm whose intensity is less intense than before D 2 O exposure. Despite the origin of the new band is still unclear such kind of isotopic effect cannot also be explained by quantum confinements.
Change in PL intensity as well as in IR absorption intensity during exposure to thermoelectrons and subsequently to H atoms, H 2 O, and O 3 exposures are summarized in Table 1 . Evidently, either H 2 O or O 3 exposure to the thermoelectrontreated PS leads to an enhanced PL intensity in comparison to that obtained for the original (as-anodized) PS sample. This intensity increase is accompanied by the increase in IR absorption intensities due to Si-OH and Si-O vibrations of the Si nano-crystallites. In general, the PL spectral change does not directly correspond to the transmission IR change because the PL of the PS comes from the Si nano-crystallites present within the penetration depth of the laser light ($sub-mm) whereas the transmission IR gives us chemical information of the whole PS layer ($2 mm). Therefore, we Experimental correlation between the PL properties of PS and the hydrogenated Si species has been reported by several authors. 3, 10) However, our results indicate that Si-O and Si-OH rather than Si-H x contribute to the PL. Thus, it is likely that the observed PL is not directly associated with specific hydrogenated Si compounds. Gole and Dixon 4) showed that the PL spectrum of PS is well correlated with the silanonebased Si oxyhydride (Si=O(OR) and/or Si=O(OHR); R=H, SiH 3 , or a hydrocarbon radical). Moreover, Dettlaff-Weglikowska et al. 5) deduced that the annealed Wöler siloxene is responsible for the PL of PS. Since in our case Si-OH bonds were formed by exposure to H 2 O (Fig. 5) , our results suggest that the Si oxyhydride bond plays a dominant role in the PL process. However, in spite of the strong PL from the asanodized PS, there was no IR absorption ascribable to Si-OH (not shown) and also the intensity of the Si-OH band emerged by H 2 O exposure was not so strong (about 7%; Fig. 5  top) . Further, if indeed Si=O(OSiH 3 ) is present at the Si nano-crystallite surface, Si-H x stretch vibrations should be observed above 2200 cm À1 as a consequence of the induced effect 28) due to the high electronegativity of the attached O atom. 29) However, as can be seen from Fig. 5 , no absorption band appeared in the corresponding vibrational region all through the exposures. Thus, such Si oxyhydride does not play a primary role in the PL process.
The non-bridging oxygen hole center (NBOHC) mechanism proposed by Prokes and Carlos 11) seems to be suitable to explain the strong visible luminescence observed in the present work. Lowe-Webb et al. 12) deduced from their in-situ PL and ex-situ FT-IR measurements on PS that radiative recombination in the PS is associated with interfacial oxiderelated defects as NBOHC. We have to make much account of the fact that not only H 2 O but also O 3 exposure leads to generation of strong PL which overwhelms the PL of the original (as-anodized) PS. In view of the high oxidation activity of O 3 , oxygenation is expected to take place in the surface region of the thermoelectron-treated PS even at room temperature. During this process, NBOHC or relevant oxygen defects are possible to be formed as radiative recombination centers. Indeed, the PL energy has been reported to be sensitive to hydrogen and hydroxyl contents in NBOHC. 30) Also, our IR results showed that not only Si-O but also Si-OH stretch bands increased in intensity during exposure to O 3 and H 2 O in harmony with the significant increase in PL intensity. Taking these facts into account, it is plausible that the PL is dominated by NBOHC-like defects.
Summary
In-situ PL and IR spectral investigations have been carried out for as-anidized PS samples during exposure to initially thermoelectrons, then H atoms, H 2 O, and O 3 , respectively. The results obtained in the present study clearly indicate that the surface chemistry of Si nano-crystallites is important for understanding the PL mechanism of PS on an atomic scale. Although at present we cannot definitively specify the chemical structure that is indeed responsible for the PL, all of our results are consistently explained by assuming that oxygen-included chemical bonds take part in the PL process. 
